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ABSTRACT
We investigated the effect of Sm3þ substitution on the crystalline quality and transport properties of “infinite layer” SrFeO2 epitaxial thin
films. Sm-substituted SrFeO2 (Sr1-xSmxFeO2) films were prepared via a topotactic reaction using CaH2 on KTaO3 (KTO) and DyScO3 (DSO)
substrates. The films exhibited metallic behavior with higher conductivity than the undoped ones on both KTO and DSO. The carrier density
of the Sm-substituted film was much lower than the Sm3þ concentrations, suggesting that the electron carriers generated by Sm were mostly
compensated by excess oxide ions residing at the apical sites of Fe. The Sm-substitution also enhanced the crystalline quality of the films,
probably because the excess oxide ions stabilized the framework of the infinite layer structure. We found a strong correlation between the
conductivity and the crystalline quality in the films, indicating that the conductivity of Sm-substituted SrFeO2 was dominated by the crystal-
line quality. Furthermore, a high Hall mobility of 13.5 cm2 V1 s1 was achieved at 300K in the x¼ 0.05 film.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5097721
Iron oxides generally have three-dimensional Fe-O networks
consisting of FeO6 octahedra or FeO4 tetrahedra. They exhibit a
variety of electronic and electrochemical functionalities such as room-
temperature ferrimagnetism, multiferroicity, and photocatalytic water-
splitting. Meanwhile, a recently developed topotactic technique
realizes iron oxides with two-dimensional Fe-O networks.1–9 For
instance, low-temperature topotactic reduction of perovskite SrFeO3d
using CaH2 can produce SrFeO2 with a FeO2 plane [infinite layer
structure; Fig. 1(a)].1 SrFeO2 is an antiferromagnetic insulator, but
is isostructural with SrCuO2 which shows high-temperature super-
conductivity via carrier doping.10 Hence, efforts have been made to
induce insulator-to-metal transition in SrFeO2. A typical example
is application of a high-pressure of 40GPa to bulk SrFeO2,
which enhances electron transfer between Fe ions and induces an
insulator-to-metal transition accompanied by a spin-crossover.11
Recently, we reported that the conductivity of the SrFeO2 film
was very sensitive to the crystalline quality; a high-crystalline SrFeO2
epitaxial film grown on a lattice-matched KTaO3(100) (KTO) sub-
strate exhibited metallic behavior with a high electron mobility
(10.2 cm2 V1 s1 at 300K),12 while the film on DyScO3(110) (DSO),
which has a lattice-mismatch as large as 2.2%, showed insulating
behavior due to the lower crystalline quality.12 In these thin films, it
has been argued that the carriers were supplied by hydride ions intro-
duced during the reaction with CaH2, although the carrier density (ne)
was on the order of 1018 cm3 which was much lower than the hydro-
gen density of 1021 cm3.12,13 Theoretical calculations have revealed
that the electronic structure of hydrogen-doped SrFeO2 (H-SrFeO2)
was sensitive to hydrogen arrangement, and that the metastable phase
with a finite density of states at the Fermi level could account for the
metallic conductivity.13 Another possible way to generate charge car-
riers in SrFeO2 is the substitution of Sr by an aliovalent cation; indeed,
it was reported that Eu-substitution for Sr enhanced the conductivity
of SrFeO2, while the films showed semiconductive behavior.
14
However, cation substitution might also affect the crystalline quality.
Thus, its effect on the conductivity should be discussed from two view-
points: carrier doping and crystalline quality.
In this study, we systematically investigated the effect of Sm sub-
stitution on the transport properties and crystalline quality of H-
SrFeO2 films with an infinite layer structure prepared on KTO and
DSO substrates. The Sm-substituted films showed metallic conductiv-
ity, but the observed ne values were much lower than the densities of
Sm3þ (nSm), suggesting that the electron carriers generated by Sm
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substitution for Sr were almost compensated by excess oxide ions, pos-
sibly occupying the apical sites of Fe. Interestingly, the Sm-substitution
enhanced the crystalline quality of the films, probably because the
excess oxide ions residing at apical sites stabilized the framework of
the infinite layer structure. The improvement of crystalline quality via
Sm-substitution results in lower resistivity compared to the undoped
one and metallic behavior on both KTO and DSO substrates.
Precursor Sr1-xSmxFeO2.5 (x¼ 0, 0.01, and 0.05) films were fabri-
cated on KTO and DSO substrates by pulsed laser deposition (PLD)
technique. KTO has a cubic structure with a lattice constant of 3.989 Å
and DSO has a slightly distorted cubic lattice (pseudocubic) with
a¼ 3.944 Å. As PLD targets, we used Sr1-xSmxFeO3-d ceramic pellets
synthesized from mixed powders of Sm2O3, SrCO3, and a-Fe2O3 by a
solid-state reaction (presintering at 800 C for 24 h and sintering at
1200 C for 12 h). The substrate temperature and the partial oxygen
pressure were kept at 700 C and 5 105Torr, respectively, during
each deposition. The obtained precursor Sr1-xSmxFeO2.5 films were
further subjected to solid-phase reaction with CaH2 at a temperature
(Tr) of 250–280 C for 24 h in evacuated Pyrex tubes. The CaH2-
treated films were rinsed with 2-butanone to remove any unreacted
CaH2 on the film surfaces. The typical film thickness was 70nm, as
measured by a stylus surface profiler.
The crystal structure was examined by X-ray diffraction (XRD;
D8 DISCOVER, BRUKER) with Cu Ka radiation. In the XRD mea-
surements, a 0.3mm slit was used without a monochromator. The
valences of Fe and Sm were analyzed by Fe 2p X-ray photoemission
spectroscopy (XPS) and X-ray absorption spectroscopy (XAS) near
the Sm M-edge at the beamline 2A of Photon Factory, KEK. The
binding energy was determined relative to the Fermi edge of a gold foil
in electrical contact with the samples. The XAS spectrum was mea-
sured by the total-electron-yield method at room temperature. In-
plane electrical resistivity was measured by the four-probe method
with Al electrodes. The carrier density and Hall mobility were charac-
terized on the basis of six-terminal geometry under an external mag-
netic field up to 9T, perpendicular to the film surface. Hydrogen
amounts in the films were estimated by dynamic secondary ion mass
spectrometry (SIMS), where hydrogen-implanted SrTiO3 crystals were
used as standards for hydrogen density. Cross-sectional scanning
transmission electron microscopy (STEM) measurements were per-
formed for the Eu0.15Sr0.85FeO2 film.
Figure 1(b) shows the XRD 2h–h patterns for the precursor and
CaH2-treated films with x¼ 0.05 on KTO substrates. The precursor
film exhibited 002 and 005/2 diffractions from a brownmillerite struc-
ture, confirming the growth of the c-axis oriented Sr1-xSmxFeO2.5 film
(c¼ 3.905 Å). On the other hand, after the CaH2-treatment at Tr
¼ 280 C, the diffraction peaks from the brownmillerite structure disap-
peared, and a new 002 diffraction peak evolved at 52.1, indicating the
c-axis oriented infinite layer structure of the film. The c-axis length of
the CaH2-treated x¼ 0.05 film (3.490 Å) was slightly longer than those
of bulk SrFeO2 (3.475 Å) and the x¼ 0 film obtained at Tr ¼ 250 C
(3.483 Å) despite Sm3þ having a smaller ionic radius (1.08 Å) than Sr2þ
(1.26 Å). This suggests that a small amount of excess oxygen occupies
the apical sites in the x¼ 0.05 film. A single-phase of the infinite-layer
structure was obtained at Tr ¼ 280 C in the x¼ 0.05 film. Meanwhile,
the film prepared at Tr¼ 250 C was a mixture of the precursor and the
SrFeO2-type phase (Fig. S1). This is in contrast to the x¼ 0 film, which
could be obtained at both Tr of 250 and 280 C.
12 We speculated that
trivalent Sm ions are more strongly bonded to the apical oxide ions
than the divalent Sr ions. Consequently, the diffusion of oxide ions
was slower in Sm-doped SrFeO2, requiring higher Tr. Figure 1(c)
shows rocking curves of the 002 diffraction for the H-Sr1-xSmxFeO2
films. Notably, the x¼ 0 (Tr ¼ 250 C) and x¼ 0.05 films contained
almost the same amounts of hydrogen ions (nH ¼ 5 1021 cm3; Fig.
S1), which were incorporated during the reaction with CaH2. The full
width at half maximum (FWHM) values of the rocking curves
(Dx(002)) were 0.91, 1.13, and 0.73 for the x¼ 0 (Tr ¼ 250 C),
x¼ 0 (Tr ¼ 280 C), and x¼ 0.05 (280 C) films, respectively. This
indicates that the crystalline quality of SrFeO2 is substantially
improved by small amounts of Sm3þ substitution for Sr2þ.
The valences of the Fe and Sm ions in the H-Sr1-xSmxFeO2 film
were examined by XPS and XAS measurements. The Fe 2p XPS spec-
trum of the x¼ 0.05 film was characterized by a Fe 2p1/2–Fe 2p3/2 dou-
blet and a weak satellite [Fig. 2(a)]. The position of the Fe 2p satellite
peak (715 eV) agreed well with that of the H-SrFe2þO2 film,15
indicating that the valence of the Fe ions is almost divalent. The Sm
M-edge XAS spectrum showed small (1075 eV) and shoulder
(1082 eV) peaks near the main peak (1080 eV) of the Sm M5-edge
[Fig. 2(b)]. The shape and the position of the edge structure resemble
those of Sm3þ2O3,
16 indicating that Sm was in the trivalent state.
Figure 3(a) shows the resistivity vs temperature (q–T) curves for
the H-Sr1-xSmxFeO2 films on KTO substrates. All the films were
metallic (dq/dT > 0) over the entire temperature range below 300K,
except for the x¼ 0 (Tr ¼ 280 C) film which exhibited an insulator-
to-metal transition at 58K. Notably, q of the x¼ 0.05 film was lower
than that of the x¼ 0 film. To understand the origin of enhanced
FIG. 1. (a) Crystal structures of brownmillerite SrFeO3d and an infinite-layer
SrFeO2. (b) 2h–h XRD patterns of the precursor and CaH2-treated x¼ 0.05 films
on KTO substrates. (c) Rocking curves of the 002 diffraction for the CaH2-treated
films on KTO substrates (the dots and curves show experimental and fitting results,
respectively).
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electric conductivity of the SrFeO2 film by Sm substitution, we evaluated
the carrier density (ne) and Hall mobility (lH) of these films by Hall
measurements. All films showed negative Hall coefficients, confirming
the n-type conductivity of the films. The ne value of the x¼ 0.05 film
was 5 1018 cm3, which is somewhat larger than that of the x¼ 0 (Tr
¼ 250 C) film (3 1018 cm3). However, these ne values are much
lower than the density of doped Sm (nSm ¼ 9 1020 cm3) in the
x¼ 0.05 film. This suggests that the electron carriers generated by Sm
were almost compensated by the excess oxide ions residing at the apical
sites, as described by the chemical formula H0.2-Sr0.95Sm0.05FeO2.025,
although we cannot exclude a possibility that the doped Sm3þ ions pro-
vided a small amount of carriers on the order of 1018 cm3. The nSm
value was several times smaller than nH of the x¼ 0.05 film. Therefore,
it is reasonable to assume that the carriers were mainly supplied from
the unintentionally doped hydrogen.
Figures 3(b) and 3(c) plot ne and lH at 300K as a function of
Dx(002). Remarkably, both ne and lH increased with increasing
Dx(002). Therefore, q was found to be positively correlated with
Dx(002), as depicted in Fig. 3(d). In other words, the conductivity of
H-Sr1-xSmxFeO2 was dominated by the crystalline quality. We specu-
late that the apical oxide ions form –Fe-O-Fe– bonds across the adja-
cent FeO2 planes. This probably stabilizes the framework of the
infinite layer structure, resulting in improved crystalline quality. The
lH value for the x¼ 0.05 film reached 13.5 cm2 V1 s1 at 300K,
which is higher than that of other Fe oxide compounds such as bulk
SrFeO3d (10
3–1 cm2V1 s1) and La1xSrxFeO3d (10
2–0.3 cm2
V1 s1).17,18
Figure S2 shows a cross-sectional STEM image of the
Eu0.15Sr0.85FeO2 film grown on the SrTiO3 substrate. The film also had
a c-axis oriented infinite-layer structure as discussed in Ref. 14. Several
lines were observed in the film, suggesting the existence of boundaries,
such as grain boundaries and antiphase boundaries. Near the sub-
strate, the boundaries were tilted by about 45 from the in-plane of the
substrate. These boundaries were probably derived from the interfacial
mismatch strain19 and would scatter conduction electrons.19,20 Thus,
it is likely that the increase in conductivity by improvement of crystal-
line quality is due to reduction of the boundaries, although further
STEMmeasurements are needed to investigate the correlation between
conductivity and boundaries.
We also investigated the transport properties of the H-
Sr1-xSmxFeO2 films grown on DSO, which has a larger lattice mis-
match with SrFeO2 than KTO. Figure 4(a) shows the q–T curves for
the x¼ 0, 0.01, and 0.05 films prepared at Tr ¼ 280 C on DSO
FIG. 3. (a) Resistivity (q) vs temperature curves and (b) carrier density (ne), density
of Sm (nSm), and density of hydrogen (nH), and (c) Hall mobility (lH) at 300 K for
the x¼ 0 and 0.05 films on KTO substrates as a function of the FWHM of the rock-
ing curves [i.e., Dx(002)]. (d) Resistivity at 300 K for the CaH2-treated films on
KTO and DSO substrates as a function of Dx(002).
FIG. 2. (a) Fe 2p XPS and (b) Sm M-edge XAS spectra of the H-Sr0.95Sm0.05FeO2
film on KTO.
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substrates. Notably, the x¼ 0 film showed insulating behavior unlike
the x¼ 0 film on the KTO substrate due to the poor crystalline quality
arising from the large lattice mismatch.12 The q(300K) values dramat-
ically decreased with increasing x [Fig. 4(a)]. The x¼ 0.05 film exhib-
ited metallic-like behavior with a q(300K) of 101 X cm. Figure 4(b)
compares the rocking curves of the films on DSO substrates. The crys-
talline quality was largely improved with increasing x; the Dx(002)
values for the x¼ 0, 0.01, and 0.05 films were 1.44, 0.94, and 0.79,
respectively. Figure 3(d) also includes the q(300K) vs Dx(002) plot
for the films on DSO. Similar to that for the films on KTO, q(300K)
increased with Dx(002). In particular, q(300K) of the x¼ 0.05 film
on DSO was equivalent to that on KTO.
In summary, Sm-substituted SrFeO2 films were fabricated on
KTO and DSO substrates via the topotactic reaction with CaH2. The
Sm-substituted films exhibit not only higher conductivities than the
undoped SrFeO2 films but also metallic behavior on both KTO and
DSO substrates. This was attributed to the improved crystalline quality
due to the Sm substitution and incorporation of excess oxide ions at
the apical sites. Our findings indicate that aliovalent substitution for Sr
can enhance the conductivity of topotactically prepared SrFeO2
through improved crystalline quality of the two-dimensional iron
oxide network.
See the supplementary material for details of the SIMS data on
the films.
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